Although anaplastic large-cell lymphomas (ALCL) carrying anaplastic lymphoma kinase (ALK) have a relatively good prognosis, aggressive forms exist. We have identified a novel translocation, causing the fusion of the TRAF1 and ALK genes, in one patient who presented with a leukemic ALK+ ALCL (ALCL-11). To uncover the mechanisms leading to high-grade ALCL, we developed a human patient-derived tumorgraft (hPDT) line. Molecular characterization of primary and PDT cells demonstrated the activation of ALK and nuclear factor kB (NFkB) pathways. Genomic studies of ALCL-11 showed the TP53 loss and the in vivo subclonal expansion of lymphoma cells, lacking PRDM1/Blimp1 and carrying c-MYC gene amplification. The treatment with proteasome inhibitors of TRAF1-ALK cells led to the downregulation of p50/p52 and lymphoma growth inhibition. Moreover, a NFkB gene set classifier stratified ALCL in distinct subsets with different clinical outcome. Although a selective ALK inhibitor (CEP28122) resulted in a significant clinical response of hPDT mice, nevertheless the disease could not be eradicated. These data indicate that the activation of NFkB signaling contributes to the neoplastic phenotype of TRAF1-ALK ALCL. ALCL hPDTs are invaluable tools to validate the role of druggable molecules, predict therapeutic responses and implement patient specific therapies.
INTRODUCTION
Anaplastic large-cell lymphomas (ALCL) are a distinct subset of mature T-cell lymphomas and they can be subclassified based on the presence of chromosomal translocations affecting the anaplastic lymphoma kinase (ALK) gene. 1, 2 In the 2008 revised WHO classification, ALK+ ALCL and cutaneous ALCL received distinct designations, whereas ALK À ALCL remained as a provisional entity in the anticipation of additional data. 2 De novo ALK+ ALCL are clinically aggressive lymphomas, most frequently occurring in the first three decades of life, with a stage III-IV disease, systemic symptoms, extranodal involvement (60%) and a typical male predominance. 3, 4 Although the long-term clinical outcome for the majority of ALK+ ALCL patients is relatively favorable, 3, 4 some patients can have a highly aggressive disease. Clinical development can include rapid nodal dissemination, extranodal involvement or even frank leukemic presentation. 5, 6 Moreover, 20-30% of ALK+ ALCL patients relapse and eventually require high-dose chemotherapies and bone marrow transplantation. 3, 4, 7 The majority of ALK+ ALCL cases carry the t(2;5)(p23;q35) translocation, which fuses the 3′ portion of the ALK into the nucleophosmin (NPM) gene. As a result of this translocation, affected cells display ectopic expression of the NPM-ALK fusion protein within the cytoplasm and nucleus. Approximately 20% of cases of ALK+ ALCL, however, exhibit different ALK fusions with a cytoplasmic localization. 8 The N-terminus regions of all ALK chimera encode unique dimerization domains. These are critical for the constitutive activation of the kinases and required for ALK-mediated transformation. It is believed that ALK partners do not contribute otherwise to ALK lymphomagenesis. One notable exception has been identified in the TFG-ALK fusion, in which the TFG (TRK-fused gene) region can interact with IKBKG (inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma, NEMO) and TANK (TRAF family member-associated NFKB activator) leading to the nuclear factor kB (NFkB) activation. 9 ALK+ ALCL have often a stable karyotype, 10 supporting the hypothesis that they are highly addicted to ALK signaling and may not require multiple and synergizing alterations. Conversely, aggressive ALK+ cases have a large spectrum of chromosomal defects, frequently involving chromosome 8q, suggesting that the deregulated expression of MYC might lead to unfavorable clinical outcome. 5, 6, 11, 12 Patient-derived tumorgrafts (PDTs) in heavily immunocompromised animals (that are, NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice) are a valuable instrument to study human cancers. 13 These mice display a high rate of engraftment 14 and provide a host environment capable to sustain the survival of neoplastic as well as normal human elements. 13 The expansion of primary tumor cells provides abundant pathological tissues and the opportunity to test ad hoc protocols in a reasonable time-frame. 15 At last, PDT enables the discovery of genetic lesions, which can be targeted by specific compounds 16 in preclinical therapeutic protocols. [17] [18] [19] Here, we have studied the tumorigenic properties of a novel TRAF1-ALK chimera, 20, 21 which can elicit the inappropriate activation of ALK and NFkB pathways. Additional, multiple genomic defects (loss of TP53, PRDM1 and MYC amplification) were present in a leukemic and chemoresistant TRAF1-ALK ALCL patient. Notably, the usage of a specific ALK inhibitor was able to prolong the survival of ALCL PDTs, but not to eradicate the disease. Overall, PDT models represent a novel tool to validate therapeutic protocols and to predict clinical responses, particularly in the setting of refractory patients.
MATERIALS AND METHODS

Patients selection and immunohistochemistry
Fresh and/or viable cryopreserved samples from primary ALCL were obtained at the time of diagnosis, before treatment or at relapse after chemotherapy from the Universities of Perugia, Turin and Leuven. Diagnoses were made according to the WHO classification by at least two experienced pathologists. Informed consents were obtained following the recommendations of local ethical committees. Representative formalin-fixed tumor sections and/or tissue microarrays were processed for immunohistochemical analyses on a semi-automated stainer. 22 List of the antibodies and staining conditions are provided in Supplementary  Table S1 .
Fluorescence in situ hybridization analysis
Cytogenetic and fluorescence in situ hybridization (FISH) followed routine methods. Interphase FISH was performed on formalin-fixed, paraffinembedded sections. Formalin-fixed, paraffin-embedded sections were pretreated with SPOT-Light Tissue Pretreatment Kit (Life Techologies), following manufacturer's protocol. Probes applied for FISH included LSI ALK, LSI MYC, LSI TP53/CEP17 (Abbott Molecular, Ottigne, Belgium or Rome, Italy) and home-brewed bacterial artificial chromosome clones flanking TRAF1 or BRCA1 genes ( Supplementary Table S2 ), selected from www.ensembl.org, or PRDM1 gene, kindly provided by Dr Laura Pasqualucci (Columbia University, New York, NY, USA). Non-commercial probes were labeled with SpectrumOrange-and SpectrumGreen-d-UTP (Abbott Molecular) using random priming. FISH images were acquired with a fluorescence microscope equipped with an Axiophot 2 camera (Carl Zeiss Microscopy, Jena, Germany) and a MetaSystems ISIS imaging system (MetaSystems, Altlussheim, Germany). Approximately 100 interphase cells were evaluated in each analysis.
RNA-Seq library preparation and bioinformatics analysis
RNAseq was performed as previously described 23 (Supplementary  Information) . Bionformatics analyses were accomplished using dedicated fusion detection tools (Bellerophontes, 24 Defuse, 25 ChimeraScan 26 and TxFuse 27 ).
5′ Race and RT-qPCR
Race 28 and real-time quantitative polymerase chain reaction (RT-qPCR) 29 were performed as described. The PCR cycling conditions were: 95°C for 5 min, followed by 40 cycles at 94°C for 10 s and 60 or 62°C for 30 s. Primer sequences are available if requested.
Mice and mice treatment NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice were bred within the Molecular Biotechnology Center Animal Resource, under strict specific and opportunistic pathogen-free conditions. Animal protocols were reviewed and approved by the Animal Committee of the University of Turin. CEP28122 (Cephalon, 100 mg/kg body weight BID) were administered by oral gavage. Magnetic resonance imaging and data analysis and post-processing are described in the Supplementary Information.
Tumor grafting and harvesting
Leukemic ALCL cells were obtained from a peripheral blood sample of a refractory ALK+ ALCL patient ( Supplementary Table S1 ). For the initial tumorgraft implants, lymphoma cells (10-12.5 × 10 6 , 200 μl of Dulbecco's phosphate-buffered saline) were injected intravenously (i.v., tail vein), intraperitoneally (i.p.) or subcutaneously (s.c.) in a total of 5-8-week-old anaesthetized NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice (Rompun 0.05 μl/g e Zoletil 1.6 μg/g intramuscularly). Secondary transplants were performed by injecting 1 × 10 6 ALCL cells i.v. or alternatively implanting s.c. tumor lymphoma fragments (2-4, 3 × 3 × 1 mm fragments). 30 Implants' growth was assessed either by palpation (s.c) and by magnetic resonance imaging. Presence and immunophenotype of human blood-circulating cells were determined by multicolor flow cytometry. 31 Recipient animals were checked regularly and killed at early signs of distress. At harvesting, mice were killed in a CO 2 chamber and tissue grafts were collected for histologic evaluation, re-grafting, cryopreservation or snap-freezing in liquid nitrogen.
The log-rank (Mentel-Cox) test was used to compare survival rates among different populations. The cumulative probability of overall survival was plotted as a curve according to the Kaplan-Meier method.
Antibodies western blotting and immune-precipitation assays
The following primary antibodies were used for western blotting: anti-ALK (Life Technology, Monza, Italy; mouse 1:2000), TRAF1 (Santa Cruz, rabbit 1:1000) and TRAF2 (Santa Cruz, Heidelberg, Germany; mouse 1:1000) anti-Actin Millipore (Merk-Millipore, Milano, Italy; mouse 1:2000), and anti-MYC (rabbit 1:1000), antiphospho-STAT3 (rabbit 1:1000), anti STAT3-Y705 (rabbit 1:1000), anti SHP2 (rabbit 1:1000), anti SHP2-Y542 (rabbit 1:1000), anti ERK1/2-Thr202/Tyr204 (rabbit 1:1000), p50 NFkB (rabbit 1:1000) and p52 NFkB (rabbit 1:1000) from Cell Signaling Technology (Danvers, MA, USA). Western blotting and immunoiprecipaitation studies were performed as previously described. [32] [33] [34] 
Cell cultures and viability
Human ALCL cells (TS-SUP-M2, JB-6, Karpass 299, L82 and SU-DHL-1) were cultured under standard conditions (37°C in humidified atmosphere, with 5% CO 2 ) in RPMI 1640 (Sigma-Aldrich, St Luis, MO, USA) and supplemented with 10% fetal calf serum (Lonza, Rockland, ME, USA), 2 mM ghlutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Eurobio Biotechnology, Les Ulis, France). Human embryonal kidney cells HEK293T (ATCC, Manassas, VA, USA) were cultivated in supplemented Dulbecco modified Eagle medium. Cell viability was measured by ATP-lite using PerkinElmer luminometer. Bortezomib, Tripolide and Carfilzomib (Selleck, Houston, TX, USA), CEP28122 (Teva, West Chester, PA, USA) and Crizotinib (Chemitek, Indianapolis, IN, USA) were used for in vitro or in vivo studies.
ΔTRAF1-ALK (ΔT/A) and ΔNPM-ALK cassettes were constructed by PCR including the first 299 aa of TRAF1 and 100aa of NPM link to a short peptide corresponding to the intracytoplasmic region of the ALK gene (first 21 aa of the juxta-membrane region). Transfection of HEK293T cells was performed with Effectene reagent (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions.
Luciferase analysis
Cells were transfected with multiple plasmids in association with pGL3 SOCS3 or IgK-HIV-kB-driven luciferase reporter and Renilla (1-40 ratio) constructs to test the TRAF1-ALK NFkB-mediated transcriptional activity. After transfection (36 h), cell lysates were prepared from 4 × 10 4 cells and dispensed in 96-well plate following the manufacturers instructions. Luciferase expression levels were determined following the recommended protocol (Dual-Luciferase Reporter Assay, Promega, Milano, Italy).
Gene expression profiling, processing and data analysis of microarray data
A gene expression profiling (GEP) data set 29 was analyzed as previously described. 29, 35 The neoplastic profiles were derived from ALCL (ALK − , no. = 24; ALK+, no. = 30), peripheral T-cell lymphoma not otherwise specified (no. = 74) and angioimmunoblastic T-cell lymphoma (AITL, no. = 41). For the extension/validation analysis, we used the total of de novo 59 ALCL samples (46 clinically annotated) of the Lymphoma Leukemia Molecular Profiling Project and the International Peripheral T-cell Lymphoma Project. 36 Hierarchical clustering and dendrogram were generated with the GenePattern2.0 37 suite (Pearson correlation distance measure and pairwise average-linkage clustering method). NFkB related genes were assessed by gene set enrichment analysis. 38 We compared the 69 normal T cells and the 169 neoplastic samples for enrichment of upregulated NFkB target gene sets. The enriched gene sets were established combining the NFkB signatures from the Molecular Signatures Database, 38 the Transcriptional Regulatory Element Database 39 and NFkB target genes reported in large B-cell lymphoma, 40 breast cancer 41 and T cells. 42 We randomized the data set by permuting the gene sets (10 000 times) to assess the statistical significance. Overall survival significance was assessed by log-rank test. Significance associations between categorical data were calculated by Fisher exact test.
Genome-wide DNA profiling
Fresh and/or cryopreserved primary (ALCL11 (nodal and leukemic), NE 433870L (diagnostic cervical lymph node)) and PDT lymphoma samples (ALCL11-PDT T1-1017) underwent DNA profiling using the Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). Copy number variation was determined. 43 
RESULTS
Discovery of a TRAF1-ALK variant chimera
Aggressive forms and rare leukemic presentation of ALK+ ALCL have been reported. 3, 4, 7 To discover additional pathogenetic lesions associated to aggressive ALK+ ALCL cases, we selected a chemorefractory patient (ALCL-11) who rapidly evolved to a leukemic phase (Supplementary Figure S1A ). An initial workout on the nodal ALCL lesion showed the presence of back to back lymphoma cells, displaying an intense cytoplasmic ALK positivity Supplementary Table S1 ). Percentage of positive cells and intensity of staining are indicated in the above diagram. Broken patterns indicate the presence of heterogeneous staining patterns. and a strong nuclear immunoreactivity for pSTAT3, p50 and p52 NFkB proteins (Figure 1a ). These findings were consistent with a variant ALK+ translocation leading to the constitutive activation of JAK-STAT3 as well as NFkB pathways.
To establish a model representative of ALK variant ALCL, we first cultured the lymphoma cells with stromal mesenchymal elements and/or phytohaemagglutinin (PHA)-stimulated peripheral blood mononuclear cell conditioned media. This strategy was however unsuccessful (data not shown). As alternative approach, we implanted fresh leukemic cells into NOD.Cg-Prkdc scid Il2rg tm1Wjl / SzJ mice. These resulted in the engraftment and growth of ALCL cells in all mice (100%, Figure 1b ) (ALCL-11-PTD). Lymphoma grafted cells (s.c. tissue fragments or i.v. of single cells from pathological spleens) could be successfully propagated in vivo (up to 13 consecutive passages). At autopsy, mice showed a disseminated infiltration of the lymphoid organs (that is, spleen, bone marrow) and different parenchymal tissues with minor (kidneys) or extensive architectural effacements (liver) (Supplementary Figure S2 ). When we attempted to culture in vitro the ALCL-11 PDT cells (from passage T1 to T8, with or without stromal elements and with PHA-conditional media) no sustainable growth could be obtained (90% apoptotic cells after 96 h), suggesting that the growth of ALCL-11 PDT requires additional signals provided by the mouse-host cells.
Next, we performed a FISH to assess and correlate the ALK genomic configuration of diagnostic and PDT-derived tissues. This analysis demonstrated the presence of the genomic rearrangement of the ALK locus, in both primary and PDT cells (Figure 1c) . We also applied a panel of antibodies ( Supplementary Table S1 ) on the diagnostic biopsy and in representative tissue samples (s.c. tumor masses or spleen), derived from two independent primary engraftment lines (Figure 1b ). All lymphoma cells had a similar immunophenotype (Figure 1d and Supplementary Figure S3 ). No differences were observed from different tissue samples (liver, spleen and so on) and/or from animals implanted at different passages and/or via alternative routes (s.c. or i.v.). Variable expression of CD2 and CD45 antigens was observed in both primary ALCL and PDT tissues, suggesting a certain degree of intraclonal diversity (Figure 1d and Supplementary Figure S3 ).
As ALCL-11 cells did not display any common variant fusion transcript, we used a next-generation sequencing RNAseq approach and discovered 29 reads spanning across a junction breakpoint corresponding to the TRAF1 and ALK genes. These predicted a novel chimeric TRAF1-ALK transcript encoding the first five exons of the TRAF1 gene fused in frame to the exons 20-29 of ALK (Figure 2a ). 21 Validation by Sanger DNA sequencing and RT-PCR confirmed the presence of TRAF1-ALK transcripts of primary, relapsed and ALCL11-PDT samples (Figure 2b) . These data were then validated by additional RNAseq analyses of samples derived from additional ALCL11-PDT (data not shown).
To determine the frequency of TRAF1-ALK among variant ALK+ ALCL, a total of 12 archival cases with cytoplasmic ALK staining were studied by RT-qPCR or 5′-Race PCR on mRNA extracted from either formalin-fixed, paraffin-embedded or frozen tissue samples. One case, corresponding to an 11-year-old Belgian patient (NE 433870L) displayed TRAF1-ALK mRNA transcripts identical to the one detected in ALCL-11 ( Supplementary Figure S4 ), suggesting similar breakpoints. 20 ALK fusions were documented in the remaining cases using a break apart probe or RT-PCR (ATIC-ALK, TFG-ALK). 44 To further characterize the TRAF1-ALK rearrangement, . Expression levels were determined using a qRT-PCR approach as previously described. 22, 29 Data are depicted as 2^ddCt.5. Expression levels GAPDH of untreated (reference value) and CEP28122-treated cells are reported.
we designed TRAF1 break apart probes. This FISH assay revealed split signals in the interphase lymphoma cells of the diagnostic ALCL-11 sample (~50% of the total cells). Conversely, the NE 433870L sample showed a normal hybridization pattern. Thus, we applied two alternative probes covering the 5′end of TRAF1 (SOlabeled) and the 3′end of ALK (SG-labeled), demonstrating the colocalization of red/green signals (Figure 2c ).
Globally, these data document the presence of genomic translocations involving the TRAF1 and the ALK loci, occurring with alternative modalities.
The TRAF1-ALK fusion leads to the constitutive activation of ALK and NFkB pathways To define the oncogenic properties of TRAF1-ALK, we initially studied the phosphorylation status of the fusion protein and known ALK adaptors. As shown in Figure 2d , untreated ALCL-11 cells displayed a phosphorylated ALK band (~95 kDa), which was substantially reduced in samples treated with ALK inhibitors (CEP28122 18 and Crizotinib). As expected, the loss of ALK signaling led also to the downregulation of pSTAT3 and pShp2 45 without substantial changes in cell viability and total protein expression (STAT3 and Shp2) within the first hour of treatment (6 h). Next, we evaluated the mRNA expression of genes whose expression is known to correlate with ALK-STAT3 signaling, 22 demonstrating that anti-ALK treatment led to their robust downregulation (Figure 2e) . Similar data were observed with NPM-ALK positive cells lines ( Supplementary Figure S5a and b) .
As TRAF1 interacts with TRAF2, we first demonstrated that TRAF1-ALK could bind TRAF2 (Figure 3a and b) . Because the intracytoplasmic region of ALK contains a TRAF2 interacting domain, 46 we constructed a truncated form of TRAF1-ALK, lacking the TRAF2 ALK docking site (ΔTRAF1-ALK or ΔT/A). Using an antibody recognizing the N-terminus of TRAF1, we demonstrated that both WT and TRAF1-ALK could co-precipitate TRAF2 (Figure 3c ). Knowing that TRAF1-ALK cells express NFkB, p50 and p52 (Figure 3d ), we then tested whether ΔTRAF1-ALK could elicit a NFkB-mediated transcription via a 'bona fide' luciferase reporter cassette in cells co-expressing CD30. 46 HEK293T cells were transfected with different ALK cassettes in the presence of CD30. As previously reported, 46 NPM-ALK but not ELM4-ALK downregulated the CD30-mediated NFkB activation (Figure 3e) . Moreover, the forced expression of ΔTRAF1-ALK but not of ΔNPM-ALK enhanced the CD30-mediated NFkB luciferase expression ( Figure 3f ). To prove that the ΔTRAF1-ALK NFkB signaling requires p50 and/or p52, we co-transfected specific p50 and p52 shRNA cassettes, demonstrating decreased levels of transcription when they were coexpressed with ΔTRAF1-ALK (Figure 3f ). At last, we treated ALCL-11 and/or ALCL-11 PDT cells with a proteasome inhibitor (Bortezomib) known to inhibit the NFkB signaling, 47 demonstrating a dose-and time-dependent downregulation of both p50 and p52 protein levels (Figure 3g ) and known NFkBregulated genes (starting from 12 h of incubation, Figure 3h ). These later changes were associated to decreased cell viability ( Figure 3J ) and a concomitant reduction of intracellular adenosine triphosphate content measured by relative firefly luciferase activity (PerkinElmer ATPLite, Supplementary Figure S6c ). As Bortezomib can inhibit multiple targets, we tested alternative proteasome inhibitors, demonstrating similar findings in ALCL-11 or NPM-ALK cell lines (Supplementary Figure S6) .
Collectively, these data demonstrate that TRAF1-ALK can elicit the NFkB pathway, which contributes the TRAF1-ALK phenotype.
NFkB is activated in a subset of primary ALK positive and ALK negative ALCL As NFkB signaling has a critical role in regulating stromal-tumor cells responses, we undertook a bioinformatics analysis to investigate whether ALCL primary samples displayed a unique NFkB signature. We first created a NFkB classifier combing established NFkB gene set lists (152 genes, Supplementary Table  S3 , see Material and Methods) and tested it in a large cohort of ALCL samples and normal purified T cells. 29 As expected, NFkB transcripts from primary ALCL samples were significantly enriched (enrichment score = 0.38, normalized enrichment score = 1.78, P-value o0.001, false discovery rateo 0.001) compared with purified normal, resting and activated T cells (Supplementary Figure S7a and b) . The robustness of this gene set classifier was similarly validated in a cohort (GSE12195) of diffuse large B-cell lymphoma samples (Supplementary Figure S7c) . 48 We then demonstrated that the NFkB classifier could divide the ALCL in two different subsets (Figure 4a ), which were similarly stratified using a mesenchymal signature (Figure 4b ). 49 Notably, these subsets displayed a strong correlation (Figure 4b and c) . These findings were cross-validated with a second and independent ALCL cohort (Supplementary Figure S7d and e ). 36 More importantly, we proved that the ALCL subgroups, which were defined by either the stromal or NFkB signatures, displayed unique clinical outcomes and that ALK+ ALCL preferentially enriched among patients with a better outcome.
At last, when we applied specific antibodies against p50 and p52 in independent set of 98 ALCL, we found that lymphoma cells (anti-p52: 20/95, 21%; anti-p50: 19/98, 19%) and non-neoplastic elements (endothelial and stromal cells) were NFkB-positive (anti-p52: 87/98, 87%; p50: 13/89, 14%, Supplementary Figure S8 ), suggesting that both ALCL and host cells can contribute to the NFkB signature.
The TRAF1-ALK PDT model bears high-risk genomic lesions Although many ALK+ ALCL patients reach clinical remission, few refractory 3 and rare aggressive forms, carrying translocations or copy number gains of MYC, 5 have been described. 5, 6, 11, 12 To identify genomic aberrations associated to TRAF1-ALK cases, we performed a copy number variation analysis. ALCL-11 leukemic and T1 and T3 PDT samples showed the heterozygous loss of 17p13 region and a concomitant missense mutation within TP53 gene exon 4 (Figure 5a ). Comparison of the DNA profiles of primary, relapsed (post-therapy) and PDT tissues documented the loss of 20q (100% all samples) and a region spanning the PRDM1/ Blimp1 gene (6q, 30% PDTs). Interestingly, PDT samples displayed amplification at 8q (42% of all cells), a region containing the MYC gene, a finding further confirmed by FISH ( Supplementary  Table S4 ) and by a strong nuclear expression of MYC (490%) (Figure 5b ). On the contrary, the NE 433870L TRAF1-ALK ALCL sample showed minor copy number variation changes and a normal genomic configuration of MYC, PRDM1/Blimp1 and TP53 genes. This later patient had a remarkable response to chemotherapy and remained in clinical remission (Supplementary Figure 1S ), suggesting that the acquisition multiple genetic defects may predict for clinical outcomes.
ALK inhibition can improve the outcome of ALCL-11 PDT mice As the management of chemorefractory ALCL patients remains problematic, we tested the therapeutic efficacy of a selected ALK inhibitor in our ALCL-11 PDT model. Mice were i.v. tail injected with tumor cells (1 × 10 6 ). Engraftment and disease evolution were assessed by enumerating circulating CD30+ cells and by total body magnetic resonance imaging. As a therapeutic scheme, we selected a 14-or 21-day protocol (CEP28122 100 mg/kg/BID), proven to eradicate disease in NPM-ALK PDT model obtained from a CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone) chemorefractory ALCL patient. 18 As shown in Figure 6a and b, untreated mice had an increasing number of circulating CD30 cells and enlarging spleens (Supplementary Figure S9 ) and 62% them succumbed at day 28 (90% after 37 from injection). In contrast, 88% of mice treated for 7 days (21 days from injection +7 days treatment) were alive at day 28. Disease progression was controlled in mice treated for 14 consecutive days (Figure 6c ). With a longer treatment (21 days), both spleen size and the percentage of circulating CD30 cells decreased, with an improvement of the over survival (P o 0.0001). Nevertheless, when the inhibitor was withdrawn, circulating lymphoma cells and spleen sizes rose again (Figure 6a and b and Supplementary Figure S10 ) and mice eventually succumbed with disease (90% at day 60).
These data demonstrate that ALK+ chemorefractory leukemic forms can be susceptible to anti-ALK kinase inhibitors, remaining addicted to ALK signaling.
DISCUSSION
We have provided evidence of the pathogenetic role of a novel TRAF1-ALK translocation and potential utility of anti-ALK inhibitors in aggressive leukemic forms of ALK+ ALCL. The TRAF1-ALK fusion chimera leads to the concomitant activation of ALK and NFkB pathways, which contribute to the maintenance of the neoplastic phenotype. Moreover, NFkB as well as mesenchymal gene set classifiers can stratify ALCL patients and predict clinical outcomes.
It is well established that ALK fusions are powerful oncogenes 8, 50 leading to the constitutive activation of JAK/STAT, PI3K/AKT, Ras/ERK1-2 and PLC-γ pathways. 8, 45 Moreover, ALK chimera can interact with TRAF2 and modulate the CD30-mediated activation of NFkB. 46 However, the contribution of NFkB signaling in ALCL tumorigenesis remains controversial. ALK+ ALCL cell lines have been reported to be devoid of p50 nuclear-binding activity. 51, 52 On the contrary, Bcl-3 and p52 are seen in primary ALCL 53 and micro-dissected ALCL lymphoma cells preferentially express NFkB target genes. 54 Our data have confirmed these findings and demonstrated that a gene data set classifier of NFkB can reproducibly stratify ALCL, irrespectively of their ALK status. Interestingly, when we applied a mesenchymal gene set, known to stratify diffuse large B-cell lymphoma and to predict clinical outcome, ALCL were also clustered in two major subgroups, which strongly correlated with those defined by the NFkB signature. These data suggest that NFkB signaling may dictate specific responses in lymphoma as well as in host cells. The fact that ALCL subgroups have unique clinical outcomes is relevant and may provide a novel tool to define poor responders with ALK+ ALCL.
Indeed, the pharmacological inhibition of the proteasome degradation known to modulate the NFkB pathway could represent a novel therapeutic modality. NFkB inhibitors could target either the lymphoma cells (TRAF1-ALK) or the host elements with a modality previously reported in other settings. 55, 56 Targeting the microenvironment has been recently proposed as analogous strategy in ALCL patients. 57 As many ALK and a sizable subset of ALK+ALCL (20-30%) fail to reach clinical remission and prolong disease-free survival, 3, 11 predicting that biomarkers are highly desirable. The loss of TP53, PRDM1/Blimp1 10 and TP63 58 and deregulated expression of MYC 5 might pinpoint, at diagnosis, refractoriness/relapse or even aggressive forms of ALCL. In our PDT model, the emergency of subclones carrying defects of PRDM1/Blimp1 and MYC supports the hypothesis that these lesions may have a relevant pathogenetic role and might occur as additional event along tumorigenesis contributing to more aggressive phenotype. A scenario previously described in acute lymphoblastic/leukemic PDT models. 59 We have described the properties of a novel TRAF1-ALK fusion showing the unique contribution of its N-terminal TRAF1 region and demonstrated how ALK and NFkB can contribute to the neoplastic phenotype. The generation of PDT should represent a powerful approach to design more efficacious therapies in individual patients, particularly in the setting of relapses or refractoriness.
